To assess whether prenatal exposure to smoking is associated with impaired reproductive health in exposed men.
INTRODUCTION
It is obvious that smoking has several adverse effects on health. It is also well established that maternal smoking is associated with reduced size of the offspring [1, 2] . Emerging evidence points to adverse effects of maternal smoking during pregnancy on reproductive health of children exposed in utero.
In the present study we will review data on the association between prenatal exposure to smoking and male reproductive health -cryptorchidism, hypospadias, testicular cancer, semen quality and reproductive hormones.
CRYPTORCHIDISM
In a recent review [3 & ] on maternal smoking in pregnancy and birth defects, observational studies published in 1959-2010 were systemically reviewed. In the meta-analysis looking at association between maternal smoking and cryptorchidism, 18 15 of the included studies showed no significantly increased risk of cryptorchidism after exposure to maternal smoking [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , whereas three of the included studies [19] [20] [21] showed a significant positive association between maternal smoking and cryptorchidism [3 & ]. After pooling the previously published data together, maternal smoking during pregnancy was found to be associated with a slightly increased risk of cryptorchidism [odds ratio (OR) 1.13, 95% confidence interval (CI) 1.02-1.25] [3 & ] (Table 1) . A more recent case-control study by Wagner-Mahler et al. [23] was not included in the systematic review, and in this study maternal smoking was not described to be a risk factor for cryptorchidism. In a study including only boys operated for cryptorchidism, Thorup et al. [24] reported an increased risk of bilateral cryptorchidism in sons of heavy smokers (more than 10 cigarettes per day throughout the pregnancy). Also Jensen et al. [4] have reported a significantly increased risk of cryptorchidism associated with maternal smoking of at least 20 cigarettes per day during pregnancy. In a Danish-Finnish cohort study, the use of nicotine substitutes during pregnancy (but not smoking) was associated with a borderline increased risk of cryptorchidism [17] .
Also the role of paternal smoking as a risk factor for cryptorchidism has been evaluated in some studies. Jensen et al. [4] and Kurahashi et al. [13] described paternal smoking during pregnancy as a risk factor for cryptorchidism in the son, whereas other studies found no significant association between paternal smoking and cryptorchidism [12, 16, 23] . In the Danish-Finnish cohort study, passive smoking was not associated with an increased risk of cryptorchidism [17] .
Thorup et al. [24] found that maternal smoking of more than 10 cigarettes per day throughout the pregnancy was associated with a decreased number of gonocytes and spermatogonia per tubule crosssection in biopsies taken during orchiopexy. This suggests that maternal smoking may have an adverse effect on the number of germ cells. Mamsen et al. [25 & ] have described a dose-dependent inverse association between exposure to maternal smoking and the number of germ cells in human first trimester embryonic testes. Maternal smoking was also associated with decreased number of somatic cells, but the association with the number of germ cells was more pronounced than that with somatic cells [25 & ]. When examining fetal testes representing the second trimester, Fowler et al. [26] found no difference in the number of germ cells, Leydig cells, or Sertoli cells between the maternal smoking-exposed and nonexposed groups. However, the expression of Desert hedgehog (DHH) was significantly reduced in the testes of fetuses exposed to maternal smoking [26] . According to human [27] and rodent studies [28] [29] [30] , DHH is an important regulator of Leydig cell development and spermatogenesis. Antiandrogen exposure leads to down-regulation of fetal DHH signaling in rats [31] . Thus, prenatal exposure to smoking may lead to testicular damage both directly (toxic effect on germ cells) and indirectly (e.g. disturbed DHH signaling).
HYPOSPADIAS
The consequences of maternal smoking regarding urethral development in male embryo are obscure. The results of some studies suggest protective influence of maternal smoking. According to a metaanalysis based on 15 studies maternal smoking is associated with a reduction in the risk of hypospadias (OR 0.90, 95% CI 0.85, 0.95) [3 & ] ( Table 1) . A study conducted by Källén [32] showed a significant negative association between maternal smoking and hypospadias (OR 0.83, 95% CI 0.76, 0.90). However, it was true only among mothers of parity 1 or 4þ and dose-response relationship was not observed [32] . Van den Eeden et al. [33] also found a slight decrease in risk for hypospadias among sons exposed to tobacco smoke during prenatal period, albeit not significant [relative risk (RR) 0.8, 95% CI 0.5, 1.1].
Several analyses show no associations between hypospadias and prenatal exposure to smoking: OR 1.0, 95% CI 0.7, 1.6 [9] ; OR 0.9, 95% CI 0.6, 1.3 [34] ; OR 1.05, 95% CI 0.24, 4.60 [35] ; [36] and [37] .
In the study by Ormond et al. [38] unadjusted OR was 1.44 (95% CI 1.05-1.97), suggesting a positive association between maternal smoking and hypospadias. Similar association was observed by Brouwers et al. [39] . According to this survey prenatal smoking appeared to increase the risk of hypospadias (OR 1.5, 95% CI 1.0-2.4) [39] . Pierik et al. [12] demonstrated an association between paternal smoking and hypospadias (OR 3.8, 95% CI 1.8-8.2).
Apparently, maternal smoking does not play a crucial role in the development of hypospadias. The possible protective influence of smoking can be
KEY POINTS
Mother's smoking during pregnancy is associated with reduced sperm production in the son.
Mother's smoking does not seem to increase the risk of testicular cancer and it may even decrease the risk of hypospadias.
The risk of cryptorchidism may be slightly increased.
Women should be encouraged to quit smoking before pregnancy to improve their chances to once become grandmothers. explained by the antiestrogenic effects of tobacco smoking via increased estrogen 2-hydroxylation [40] . However, this speculation has theoretical interest only. The numerous adverse effects of maternal smoking on the fetus and the pregnant individual itself are well documented.
TESTICULAR CANCER
The incidence of testicular cancer has continuously increased among the Western population [41, 42] .
In the 1990s Clemmesen [43] proposed that smoking during pregnancy is a risk factor for testicular cancer in the sons. Until now, only one epidemiological study supports Clemmesen's hypothesis in humans. A Swedish survey revealed strong positive correlation between female smoking habits and testicular cancer incidence in the generation of presumed offspring in four Nordic countries [44] . The Pearson's correlation coefficient for all countries combined was 0.9 (P < 0.0001) [44] . However, the interpretation of such ecological research is equivocal. This study demonstrates parallelism in trends between testicular cancer and maternal smoking and does not prove causation.
A number of case-control studies reveal no associations between prenatal exposure to maternal or paternal smoking and risk of testicular cancer in the offspring [45] [46] [47] [48] [49] [50] . The first case-control study based on individual tobacco exposure measurements was published in 2009 by Tuomisto et al. [22] For exposure assessment the serum level of cotinine, the metabolite of nicotine was used. This study indicated no statistically significant associations between exposure to prenatal smoking and the risk of testicular cancer in the offspring (OR 0.68, 95% CI 0.35, 1.34). Furthermore, the authors performed a meta-analysis of seven previously published studies. No statistically significant association between maternal smoking and incidence of testicular cancer was found (OR 1.0, 95% CI 0.88, 1.12) [22] ( Table 1) . The recent North American study did not show any association between prenatal maternal smoking and the son's risk of testicular cancer (OR 1.06, 95% CI 0.26, 3.89) [51] . In this case-control study, exposure assessment was conducted by the interviewing of participants in early pregnancy. Exposure to harmful agents during prenatal development is a possible explanation for worldwide increase in the incidence of testicular cancer. However, the recent data suggest no association between prenatal tobacco exposure and risk of testicular cancer in sons. Case-control studies show no evidence supporting the role of maternal smoking in the cause of testicular cancer of their sons.
SEMEN QUALITY
In several studies, prenatal exposure to maternal tobacco smoking has been associated with significantly reduced semen variables or increased risk of oligozoospermia in adult men [52] [53] [54] [55] [56] 57 & ], although there are also some studies showing no significant association [58] [59] [60] (Table 2 ). In some studies significant association has been observed only when the mother smoked more than 10 cigarettes a day [52, 54] . Ramlau-Hansen et al. [55] also described a significant trend of decreasing total sperm count with increasing maternal smoking during pregnancy. Some of the above mentioned studies also evaluated the association between exposure to paternal smoking and semen variables or risk of oligozoospermia, but no significant association was reported [52, [54] [55] [56] .
Large studies on military conscripts have suggested that exposure to maternal smoking during pregnancy is associated with smaller testicular size in adult men [53,57 & ]. This association was not observed in smaller studies [55, 58, 59] . Reduced testicular size has been associated with lower sperm concentration and total sperm counts [56] .
REPRODUCTIVE HORMONES IN ADULTHOOD
Some of the above-mentioned studies have suggested that prenatal exposure to maternal smoking is associated with reproductive hormone levels in adult men [52,57 & ,61], whereas others found no significant association [54, 58, 59] . Maternal smoking has been associated with increased free or non-sex hormonebinding globulin-bound testosterone levels and borderline significantly increased free testosterone/free estradiol ratio in some studies [57 & ,61,62] . Exposure to maternal smoking was associated with a reduced fetal human chorionic gonadotropin level and a low inactive vs. active luteinizing hormone receptor isoform ratio [63] . These putative effects of smoking exposure may have neutralized each other, and therefore fetal testosterone levels were similar in smokingexposed and nonexposed groups [63] . In studies by Ravnborg 
CONCLUSION
There is good evidence that prenatal exposure to maternal smoking is associated with impaired semen quality in sons. In contrast, there appears to be no consistent association of maternal smoking with the risk of testicular cancer in sons. The risk of cryptorchidism may be slightly increased and the risk of hypospadias slightly decreased in tobaccoexposed boys. However, the ORs are so close to 1 that these are barely significant.
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